Introduction
A number of studies have shown that congenitally blind people perform better than normally sighted controls on a range of verbal memory tasks, including tests of shortand long-term recall (Amedi et al. 2003; Pasqualotto et al. 2013a) , recognition (Amedi et al. 2003; Röder et al. 2001) , serial word order (Raz et al. 2007) , and working memory as indexed by digit span tasks (Tillman and Bashaw 1968; Smits and Mommers 1976; Hull and Mason 1995; Withagen et al. 2013 ). However, superior verbal memory performance in the congenitally blind could reflect either enhanced verbal abilities in the absence of vision, regardless of the kind of verbal task used, or enhanced memory abilities that might generalize across different cognitive domains.
Previous studies of these tasks separately do not provide a clear answer to this question. For example, the evidence for a working memory advantage in the blind is primarily from studies of children (Tillman and Bashaw 1968; Smits and Mommers 1976; Hull and Mason 1995; Withagen et al. 2013) . However, although studies of adults show no significant differences between the blind and sighted (Castronovo and Delvenne 2013; Pigeon and Marin-Lamellet 2015) this was likely due to ceiling effects (and see Swanson and Luxenberg 2009 , for equivocal results in children). Similarly, some studies show that the congenitally blind and the sighted perform equally well on spatial memory tasks (Cornoldi et al. 1991; Ruggiero and Iachini 2010) . Other studies suggest that whether or not the blind and sighted differ in spatial memory ability depends on the specific aspect to be recalled, either the final location or the entire spatial pattern (Cornoldi et al. 2009 ) or whether more than one spatial pattern has to be maintained in memory at a time (Vecchi et al. 2004) . Furthermore, the blind and the sighted may differ in the use of allocentric and egocentric reference frames (Pasqualotto et al. 2013b; Pasqualotto and Proulx 2012) . Importantly, however, none of these prior studies tested verbal and non-verbal tasks in the same participants.
We therefore compared congenitally blind adults with sighted control participants, matched for age and education, on a range of verbal and non-verbal (i.e., spatial) tasks. The tasks included tests of verbal and spatial memory to assess whether congenital blindness confers superiority only for verbal memory, or also for a non-verbal memory domain. The verbal memory tasks included a working memory test. To assess whether any superiority of the congenitally blind in each of these memory domains is restricted to the sphere of memory, or generalizes to non-memory spheres, we also included tests of verbal fluency and a test of spatial imagery. A preliminary version of the findings reported here was presented earlier as a conference report (Occelli et al. 2016 ).
Materials and methods

Participants
Twelve congenitally blind (6 male, 6 female) and 13 sighted (4 male, 9 female) individuals took part in the study. Congenitally blind and sighted control participants were matched for age (mean age (±sd) blind: 43.6 ± 15.2; sighted: 38.5 ± 16.0 years, t 23 = 0.8, p = 0.4) and years of education (blind: 17.1 ± 1.8 years; sighted: 16.5 ± 3.0 years, t 23 = 0.5, p = 0.6). Blindness resulted from a variety of ocular causes (Table 1) ; 5 blind participants had some residual light perception while the remainder had no light perception and none had shape perception. Both blind and sighted participants were recruited and tested either at Emory University ('Emory') or the Massachusetts Eye and Ear Infirmary ('MEEI'). All participants spoke American English as their main language and reported normal hearing. None reported a history of neurological or psychiatric illness and all participants were completely or preferentially right-handed, based on the validated subset of the Edinburgh Handedness Inventory (Raczkowski et al. 1974) . All procedures were conducted in accordance with the Declaration of Helsinki and approved by the Emory and MEEI Institutional Review Boards. All participants gave their informed consent prior to the study and were compensated for their time. Braille versions of the consent documents were provided for the blind participants.
Procedures
The tests described below were administered in three sessions. In the first, participants performed a verbal memory task with immediate testing of recall (timepoint = T1), two verbal fluency tasks, and a spatial imagery task. In the second session, 24-48 hours later, participants were tested for delayed recall on the verbal memory task (T2), and also performed spatial memory and backwards digit span tasks. These sessions took place in a quiet room without external noise or distractions. Approximately 1 week after the second session, we contacted participants by phone to test further delayed recall on the verbal memory task (T3). 
Verbal tasks
Verbal memory
We selected 20 concrete and 20 abstract words (18 abstract words were from Amedi et al. (2003) and we added two more with low imageability and concreteness ratings). We used the MRC Psycholinguistic Database 2.0 (Coltheart 1981; Wilson 1988) , cross-checking to published ratings (Toglia and Battig 1978; Kucera and Francis 1967) , to obtain word frequencies and ratings of imageability and concreteness; where there was no published rating, we obtained our own using instructions similar to those in Toglia and Battig (1978) . The abstract and concrete sets of words differed significantly in concreteness (t 38 = −24.5; p < 0.001) and imageability (t 38 = −13.8; p < 0.001) but were matched on length (number of syllables; t 38 = 0.84; p = 0.4) and frequency (t 38 = 0.15; p = 0.9). We then created two lists, each containing 10 abstract and 10 concrete words that were matched for length, frequency, imageability, and concreteness (all t 38 < 0.4, all p > 0.4). These lists were recorded by one author (CS), speaking at the rate of one word per second, for auditory presentation. Each list was presented twice in counterbalanced order. Participants were asked to listen carefully and to repeat each word after they heard it to ensure attention and facilitate encoding. After 20-30 min (T1), they were asked to recall as many words as possible from both lists, in any order and with no time limit; they were similarly instructed at T2 and T3. We recorded the percentage of concrete and abstract words correctly recalled at each timepoint.
Verbal fluency
Verbal fluency tests are widely used in neuropsychological assessment (Benton 1994) and require participants to list as many words as they can that begin with a particular letter (phonemic fluency) or items belonging to a particular category (semantic fluency) within a time limit (Thurstone 1938) . Fluency tests draw on both memory (Ruff et al. 1997; Fagundo et al. 2008; Kraan et al. 2013; Mueller et al. 2015) and language (Ruff et al. 1997; Kraan et al. 2013; Stolwyk et al. 2015; Whiteside et al. 2015) processing, although in this case the type of memory involved is rapid retrieval from long-term storage of well-learned information in the language domain.
For the phonemic fluency task, participants were asked to generate as many items as possible starting with the letters 'F', 'A', and 'S' and for the semantic fluency task, as many items as possible belonging to the categories 'animals', 'fruits', and 'musical instruments'. There was a 60-second time limit for each letter and category. Participants' verbal responses were digitally recorded for transcription and analysis. Performance was measured as the total number of items reported (excluding repetitions, proper names, and words with the same stem but different endings, e.g., 'eat' and 'eating') for each task.
Verbal working memory
As a test of verbal working memory, we used the Verbal Backwards Digit Span sub-test of the Wechsler Adult Intelligence Scale-Revised (WAIS-R: Wechsler 1981) . In this test, the experimenter read sequences of numbers of increasing length and participants had to repeat each sequence in reverse order. There were two sequences at each level and participants scored a point for each correctly reversed sequence but the test terminated if both sequences for a particular level were incorrect. The original test had seven levels of difficulty with spans increasing from 2 to 8 digits; we added a 9-digit level to counter potential ceiling effects (Castronovo and Delvenne 2013; Pigeon and Marin-Lamellet 2015) .
Spatial tasks
Spatial memory
Neuropsychological testing uses the Corsi block test to assess spatial memory (Kessels et al. 2000) . We used a haptic version of this test that could be completed by both blind and sighted participants, similar to that in previous studies (e.g., Cornoldi et al. 2009; Cattaneo et al. 2010 ). This comprised a custom-built 5 × 5 matrix of removable plastic cubes (4 cm/side) with one face of each cube covered with sandpaper to facilitate haptic discrimination (Fig. 1) . On each trial, four target cubes were arranged with the sandpapered side facing up and participants were Fig. 1 Custom-built 5 × 5 matrix used in the spatial memory task and for training in the spatial imagery task. The matrix was made of removable plastic cubes (4 cm/side), each with one face covered with sandpaper allowed 10 s to haptically explore the matrix with both hands and memorize the locations of the target cubes. The experimenter then turned the target cubes over so that all cubes presented the same smooth surface. 20 s after the haptic encoding phase, the participant was asked to point to the locations of the memorized target cubes on the now blank matrix. Each participant completed five training trials and ten experimental trials. During encoding and testing, the matrix was located behind a curtain so that the task was based on purely haptic cues for both blind and sighted. Performance was measured as the percentage of individual locations correctly recalled.
Spatial imagery
Visual imagery can be sub-divided into 'pictorial' object imagery and more 'abstract' spatial imagery (Kozhevnikov et al. 2005; Blazhenkova and Kozhevnikov 2009 ). Individual preferences for object and spatial imagery are found not only in the visual, but also in the haptic modality (Lacey et al. 2011 ). Here, we tested spatial imagery, which emphasizes spatial relationships, using a task modified from an earlier study . The task used here required participants to imagine cells numbered 1-25 in a 5 × 5 matrix (Fig. 2) and, in response to auditorily presented four-digit strings, to imagine the shapes that would result from filling those four cells. Participants first underwent a training session using the haptic matrix described above, located behind a curtain so that training was based on purely haptic cues for both groups. This enabled participants to learn the numbered matrix and to construct a mental image of it. After training, participants completed 24 trials of the spatial imagery task. On each trial, they heard two four-digit strings, and had to decide whether the resulting two shapes were the same or different. To avoid participants performing the task by simply comparing the digit strings, on 'same' trials, the shapes were represented by different sequences of numbers and participants were instructed to base their decision on the shapes they constructed, ignoring their location within the matrix (see Fig. 2 for examples of 'same' and 'different' trials). Performance was measured as the percentage of correct responses. Scores were analyzed with analysis of covariance (ANCOVA) with the between-group factor of visual status; age, years of education, and gender were treated as covariates. The reported ANCOVA results reflect effects after filtering out covariate influences; the effects of the covariates are also reported.
Results
The results are reported separately for each task. Effect sizes for significant differences and covariates are reported in terms of Cohen's d.
Verbal tasks
Repeated-measures (RM) ANCOVA of the verbal memory task (within-group factors: timepoint and word-type) showed that the blind (mean ± sem: 30.8 ± 3.8%) performed better than the sighted (21.1 ± 2.4%: F 1,20 = 15.7, p = 0.001, d = 1.65; Fig. 3A ) even after factoring out the covariates. Age was significantly related to performance (F 1,20 = 8.7, p = 0.008, d = 1.23) in that recall declined with age (see correlation results below), but the number of years of education was not (F 1,20 < 0.001, p = 0.9). Gender was also a significant covariate (F 1,20 = 8.8, p = 0.007, d = 1.24) in that females (29.8 ± 3%) recalled more items than males (19.6 ± 3.1%). There were no other significant effects or second-order interactions; in particular, although recall declined over time for both blind and sighted, and for both concrete and abstract words, there was neither a main effect of timepoint (F 2,40 = 0.05, p = 0.9), nor a main effect of word-type (F 1,20 = 1.1, p = 0.3).
RM-ANCOVA of the fluency tasks (within-group factors: phonemic and semantic fluency) showed that the blind (phonemic: 56.2 ± 2.9; semantic: 61.6 ± 2.8) produced significantly more items than the sighted (phonemic: 48.1 ± 2.3; semantic: 50.6 ± 3.3: F 1,20 = 8.6, p = 0.008, Fig. 2 Examples of shapes to be formed from 4-digit strings in the spatial imagery task with representative (A) "different" and (B) "same" shape trials d = 1.22; Fig. 3B ) even after factoring out the covariates. Here, the number of years of education was a significant covariate (F 1,20 = 5.8, p = 0.03, d = 1.01) in that the number of items produced increased with the number of years of education (see correlation results below), but age (F 1,20 = 3.6, p = 0.07) and gender (F 1,20 < 0.001, p = 0.9) were not. There were no other significant effects or interactions.
The blind also outperformed the sighted on the backwards digit span task (11.3 ± 0.7 versus 7.7 ± 0.5 respectively: F 1,20 = 19.8, p < 0.001, d = 1.86; Fig. 3C ) after factoring out the covariates; but none of the covariates was significantly related to performance (all F < 2.6, all p > 0.1).
Spatial tasks
One blind and one sighted participant were unable to perform the spatial imagery task because they found keeping the two sets of numbers in mind too difficult and they were therefore excluded from analysis. ANCOVA showed no significant effect of visual status on spatial imagery performance after filtering out the covariates (blind: 87.5 ± 3.6%; sighted: 79.2 ± 3.2%; F 1,18 = 2.4, p = 0.14; Fig. 4A ) and no significant effect for any of the covariates.
There was similarly no significant difference on ANCOVA between the blind and the sighted on the spatial memory task after factoring out the covariates (blind: 70.6 ± 8.2%; sighted: 68.3 ± 7.0%; F 1,20 = 0.1, p = 0.7; Fig. 4B ); although performance declined with age (see Fig. 3 A The congenitally blind were significantly better overall at the verbal memory task than the sighted controls; B congenitally blind participants reported significantly more items than the sighted in both the semantic and phonemic fluency tests; C the congenitally blind had significantly higher backwards digit span scores than the sighted (maximum score = 16). Error bars in all graphs = standard error of the mean correlation results below: F 1,20 = 7.7, p = 0.01, d = 1.16), the education and gender covariates had no significant effect.
Correlational analyses
In order to further investigate the covariate effects reported above, we ran correlational analyses for the entire participant group. These showed that verbal memory tended to decline with age, significantly so at T3 (r = −0.44, p = 0.03), as did spatial memory performance at the single timepoint that was tested (r = −0.44, p = 0.03). Across all participants, there was a marginal trend for more years of education to be associated with reporting more items in both phonemic (r = 0.38, p = 0.06) and semantic (r = 0.36, p = 0.07) fluency tasks. We also conducted these correlational analyses separately for the congenitally blind (Table 2A) and sighted (Table 2B) groups. These showed that the age-related decline in verbal memory was significant at T3 for the congenitally blind but not the sighted. However, verbal memory performance at each timepoint was strongly positively correlated with performance at each succeeding timepoint (i.e., T1 with T2 and T2 with T3); these correlations were significant in both the congenitally blind and the sighted groups (all r values > 0.66, all p values < 0.015). Phonemic and semantic fluency were positively correlated in both the congenitally blind (r = 0.58, p = 0.047) and sighted (r = 0.55, p = 0.049) groups. Semantic, but not verbal, fluency significantly declined with age in the sighted group (r = −0.75, p = 0.003), but not the congenitally blind group. Better spatial memory was associated with better spatial imagery performance in the congenitally blind group (r = 0.77, p = 0.005) but not the sighted group. There was a positive correlation between digit span and phonemic fluency in the congenitally blind group (r = 0.58, p = 0.048) that was absent in the sighted group. Finally, in the sighted group, but not the congenitally blind group, there were positive correlations between spatial memory performance and both phonemic and semantic fluency.
Discussion
Congenitally blind participants performed significantly better than sighted control participants on all the verbal tasks, but they did not differ significantly from the sighted on either the spatial memory or spatial imagery tasks. Although the gender, age, and education covariates affected performance on some tasks, covarying their effects out did not affect the overall effects of visual status. Gender differences have been reported in favor of females for verbal memory (e.g., Kimura and Clarke 2002) and males for spatial imagery (e.g., Robert and Chevrier 2003) . Gender was a significant factor in the verbal memory task, with females outperforming males, but the effect of visual status remained significant after covarying the gender effect out even though there were more females than males overall because of the imbalance in the sighted group. Gender was unrelated to either verbal fluency or verbal working memory, and was not a significant covariate for either of the spatial measures used here, again despite the fact that there were more females than males overall. This may be because response time was unrestricted in the spatial tasks, a condition under which the male advantage either decreases or disappears (see Robert and Chevrier 2003 , for a brief discussion).There was some evidence for an age-related decline in both long-term verbal and spatial memory, and for verbal fluency to increase with higher levels of education, but otherwise age and years of education were unrelated to performance. Overall, these results favor the hypothesis that congenital blindness results in a specific superiority of verbal abilities, rather than a general enhancement of memory ability.
Congenitally blind participants were better than the sighted controls on all aspects of verbal memory, recalling more items, for both concrete and abstract words, at each timepoint, up to a week later. Consistent with prior studies (Amedi et al. 2003; Pasqualotto et al. 2013a; Röder et al. 2001; Raz et al. 2007 ), they exhibited a general superiority of verbal memory abilities compared to normally sighted people. A previous study has shown that the congenitally blind not only have better verbal recall than the sighted, but also reduced false memories for a semantically related lure (Pasqualotto et al. 2013a) , suggesting that semantic categorization is more accurate in the congenitally blind. This may be related to the congenitally blind out-performing the sighted on both phonemic and semantic verbal fluency tasks and would fit with the notion that congenital blindness confers a specifically verbal advantage, as opposed to a general memory enhancement. There was also a significant positive correlation between digit span and phonemic fluency in the congenitally blind that was absent in the sighted. As pointed out in the Methods ("Verbal fluency"), the verbal fluency tasks we used likely draw on both memory and language abilities, albeit long-term memory for highly overlearned information. Therefore, the benefits of congenital blindness are not apparently limited to verbal memory for relatively new information, but extend to the rapid retrieval of well-learned information from long-term storage. However, the fact that this verbal working memory/fluency correlation was present only in the congenitally blind, and not the sighted, may also suggest a specifically verbal advantage for the blind.
In contrast, blindness from birth did not seem to confer any advantage in terms of spatial skills, either for spatial 1 3 memory or for spatial imagery: the congenitally blind and sighted performed equally well on both tasks. This contrasts with our earlier study of later-onset blindness (after age 6), in which performance on a spatial imagery task, similar to the present one except in using a 4 × 4 lettered matrix, was impaired in the late blind compared to the sighted, independently of the age at which form vision was lost (Occelli et al. 2014) . That the congenitally blind were not significantly worse than the sighted suggests that visual experience may not be necessary for the development of proficient spatial imagery or spatial memory. It is possible that different cognitive strategies adopted by the congenitally blind could result in comparable performance via different mechanisms (Cattaneo et al. 2008; Renzi et al. 2013) . For example, although the late blind and blindfolded sighted tend to employ an object-based, allocentric, reference frame while the congenitally blind prefer a self-based, egocentric frame (Pasqualotto et al. 2013b; Pasqualotto and Proulx 2012) , these might result in equally effective task performance. The lack of performance differences on spatial tasks between sighted and congenitally blind people might also reflect the functional equivalence of spatial representations derived from different sensory inputs (Loomis et al. 2013) . The relative differences between verbal and spatial domains assume importance in the context of rehabilitative approaches attempting to more fully integrate individuals with congenital blindness into society. Interindividual differences, which were not assessed here, would be critical to consider for such approaches.
Finally, there were positive correlations between spatial memory performance and both phonemic and semantic fluency in the sighted but not the blind. These are hard to interpret and we can only speculate that since semantic categorization is predominantly a left hemisphere activity (e.g., Binney et al. 2016; Malone et al. 2016; Carota et al. 2017 ) and the spatial memory task could potentially be solved by using a categorical spatial reference frame (i.e., up, down, left, right: e.g., Kosslyn 1987; Jager and Postma 2003; Baumann et al. 2012 ), these two tasks may well have drawn on some of the same neural resources, at least in sighted subjects.
The mechanism by which the superiority of verbal abilities occurs in congenital blindness is currently unknown. Certainly, in the absence of vision from birth, verbal inputs and cues become more important in everyday experience. For instance, when a sighted person asks for directions, he or she can take advantage of cues offered by pointing or other gestures, in addition to the verbal information provided. In contrast, the blind person must encode and later recall the verbal material conveyed without reference to gestural cues. Thus, it seems reasonable to suggest that congenital blindness induces stronger reliance on verbal information, and that such reliance leads to better verbal memory, and potentially other verbal skills, through practice.
The neural basis for this may be related to the involvement of visual cortical areas in various aspects of language in the congenitally blind. For example, covert verb generation in response to nouns presented via Braille (Burton et al. 2002a) or auditory input (Burton et al. 2002b ) recruits activity in early visual cortex, and transcranial magnetic stimulation over the occipital pole results in semantic errors during verb generation (Amedi et al. 2004) . During covert recall of a previously learned word list (a task similar to the verbal memory task of the present study), the magnitude of visual cortical activity was found to correlate with verbal memory performance (Amedi et al. 2003) . Further, syntactic processing is associated with activity in various parts of visual cortex (Lane et al. 2015) . Visual cortical areas in congenitally blind people also show stronger resting-state connectivity, compared to the sighted, with language areas in inferior frontal cortex (Liu et al. 2007 ).
Overall, we suggest that the superior verbal memory performance in the congenitally blind reported in previous studies (Amedi et al. 2003; Pasqualotto et al. 2013a; Röder et al. 2001; Raz et al. 2007) arises from an advantage specific to verbal abilities, rather than memory abilities. Further questions remain, however: for example, whether the verbal memory superiority of the congenitally blind is specific to retrieval or reflects better encoding. A finding of more efficient perceptual encoding of speech in the congenitally blind (Hugdahl et al. 2004 ) is relevant to this possibility. A specific limitation of the present study is that we tested a limited range of tasks and therefore we cannot say whether the congenitally blind have superior language skills across the board, or whether superiority might be limited to certain aspects of language. It would be informative, for example, to use tasks involving increasing syntactic complexity or semantic difficulty. In addition, claims of superior performance in the blind on a range of tasks including verbal (Amedi et al. 2003) , semantic (Pasqualotto et al. 2013a) , and serial memory (Raz et al. 2007) , as well as numerical ability (Castronovo and Delvenne 2013) and auditory memory (Roder et al. 2001; Rokem and Ahissar 2009 ) rest primarily on studies of the congenitally blind. Thus, studies comparing congenitally, early, and late blind groups to the sighted are required in order to determine whether superior performance on these tasks is exclusive to the congenitally blind or, if not, how it emerges, e.g., as a function of vision loss at different ages.
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